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doi:10.1016/j.jtcvs.2007.07.002bjective: Robotic telemanipulation systems have been introduced recently to
nhance the surgeon’s dexterity and visualization in endoscopic surgery and thus
acilitate refined dissection, suturing, and knot tying. This study examined the
echnical feasibility of performing safe and efficient robot-assisted, hand-sewn
ndoscopic airway reconstruction in a rabbit model.
ethods: A total of 18 tracheal anastomoses were performed in rabbits, with 6
nastomoses performed endoscopically using the da Vinci Surgical system (Robot
roup), 6 anastomoses performed using traditional thoracoscopic surgical instru-
ents (VATS group), and 6 anastomoses performed using open surgical instruments
Open group). Anastomosis time and complications were recorded. The effective-
ess of anastomoses was evaluated by postoperative observation of all rabbits for 8
eeks and measurement of anastomotic stricture and pathologic findings. These
arameters and anastomosis time were compared between groups.
esults: In all cases in the Robot group, the procedure was completed endoscopi-
ally. No perioperative or postoperative complications were encountered. Mean
rocedure time of the Robot group was 14.1  2.6 minutes (mean  standard
eviation). Anastomosis time in the Robot group was significantly shorter than in
he VATS group (33.5 5.2 minutes, P .0039) and was not significantly different
n the Open group (11.4  2.3 minutes, P  .1282). All anastomoses in the Robot
roup remained mechanically intact, and all parameters were comparable with those
f the open surgery group.
onclusions: The technical feasibility of performing safe and efficient robot-assisted
ndoscopic airway reconstruction was repeatedly demonstrated in a rabbit model.
obotic assistance significantly improved the time associated with and the quality of
ndoscopic airway reconstruction.
lthough widely accepted because of its merits, endoscopic surgery is known
to have limitations regarding the dexterity and depth perception of the
surgeon. Working through trocars limits the degree of freedom of move-
ent and introduces an inverted instrument response and variability in excursion of
he instrument tip directly related to the part of the instrument that is brought into
he body cavity. These disadvantages require surgeons to acquire new techniques
nd practices in performing complex surgical maneuvers during endoscopic proce-
ures, such as challenging dissection and suturing.1-9
Telemanipulation systems have recently been introduced, with the objective
f enhancing the surgeon’s view and dexterity during endoscopic surgery. These
ystems alleviate most of the previously mentioned disadvantages and should be
ble to support surgeons in a precise and efficient manner. This might expand the
ist of indications for routine endoscopic surgery and bring about high-end
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ETrocedures, such as cardiac surgery, vascular reconstruc-
ion, pancreatic surgery, and completely laparoscopic
ntestinal resections.10-20
In the field of general thoracic surgery, although recent
obot-enhanced video-assisted thoracic surgery (VATS) an-
tomic pulmonary lobectomy and VATS mediastinal tumor
esections21–24 were reported, whether this technology has
ny benefits remains unclear. Although surgeons working
ith these systems express enthusiasm for the gains in
ontrol and visualization, the immediate advantages of ro-
otic systems in general thoracic surgery are less apparent
ompared with those in cardiac surgery. Statistical proof of
he merits will thus be hard to obtain in the short term within
he spectrum of well-documented routine thoracoscopic in-
erventions. This study using the da Vinci Surgical System
Intuitive Surgical, Sunnyvale, Calif) investigated the effi-
acy of robotic suturing and knot tying, with the aim of
esting the applicability of robot-enhanced endoscopic air-
ay reconstruction.
aterials and Methods
irway Reconstruction Model in Rabbits
ubjects comprised 18 Japanese white female rabbits with a me-
ian weight of 2.8 kg (range, 2.5–3.0 kg). All experimental pro-
edures were performed in accordance with the “Principles of
aboratory animal care” formulated by the National Society for
edical Research and the “Guide for the care and use of labora-
ory animals” prepared by the Institute of Laboratory Animal
esources of the National Research Council (National Academy
ress, revised 1996). Anesthesia was induced with intramuscular
njection of 10 mg/kg ketamine and maintained with 3 mg/kg
ntravenous sodium pentobarbital and 1% lidocaine as local anes-
hesia. Rabbits underwent surgical intervention in a horizontal
upine position. The trachea was exposed, and 4 rings were re-
ected with the open technique. In this study prepared tracheas
ere used as models of the human bronchus. End-to-end tracheal
nastomoses were performed in 3 different ways, with 6 rabbits
ndergoing operations with the da Vinci Surgical System (Robot
roup), 6 rabbits undergoing operations with traditional thoraco-
copic surgical instruments (VATS group), and the remaining 6
abbits undergoing operations with conventional open surgical
nstruments (Open group). All procedures were performed by the
ame experienced endoscopic surgeon. Before operations with the
nimal models, the surgeon trained by performing 10 end-to-end
nastomoses with 6-mm polytetrafluoroethylene prostheses (WL
ore & Associates, Flagstaff, Ariz) for each procedure. All rabbits
ere observed for 8 weeks postoperatively and then killed for
Abbreviations and Acronyms
VATS video-assisted thoracic surgeryvaluation of anastomosis. s
90 The Journal of Thoracic and Cardiovascular Surgery ● Octoobot-assisted Surgical Procedures
he da Vinci Surgical system was used in the Robot group. The
ain technologic advantages of this system are a true 3-dimen-
ional endoscope providing a high-resolution binocular view of the
urgical field, an Endowrist instrument system (Intuitive Surgical)
apable of 7 degrees of freedom and 2 degrees of axial rotation to
eplicate human wrist–like movements and tremor filtration, and
otion-scaling systems to enhance surgical dexterity.
Rabbits were operated on in a surgical training box (Tuebinger
IC-Trainer; Richard Wolf GmbH, Knittlingen, Germany). A
2-mm trocar for the 30°-down camera was placed above the
rachea. Two 8-mm trocars for the robotic arms were placed
ymmetrically to the right and left (Figure 1). Endowrist Black
iamond arms (Intuitive Surgical) were chosen for both arms. For
his procedure, the robot was positioned at the right side of the
nimal. End-to-end anastomoses were performed in a running
ashion with a 12-cm double-armed 5-0 BIOSYN suture (Tyco
ealth Care, Norwalk, Conn). The running suture was prepared by
ying together the ends of two 6-cm sutures of 5-0 BIOSYN
Figure 2). The first running suture was started posteriorly (Figures
, A, and 4, A) and directed to the membranous wall of the trachea
nteriorly (Figures 3, B, and 4, B), and then a second suture was
irected to the cartilage wall anteriorly (Figures 3, C, and 4, C).
fter the anastomosis was completed, both sutures were tied at the
op of the tracheal cartilages (Figures 3, D, and 4, D). The motion-
caling system of the system was set to 5:1 (ultrafine mode) in this
rocedure.
raditional Thoracoscopic Surgical Procedure
n the VATS group, rabbits were operated on in the same setting
s used for the Robot group. A standard endoscopic needle holder
nd forceps and a 30°-down 2-dimensional camera (Karl Storz,
uttlingen, Germany) were used. The 2-dimensional camera was
xed in a passive camera holder, according to the preferences of
he surgeon. The training box was set on a table of adjustable
eight. In this group an identical procedure was performed by
sing the same materials and the same methods as used for the
obot group.
pen Surgical Procedure: Control Group
he Open group formed the control group. Rabbits underwent
perations in the same horizontal supine position. Anastomoses
ere performed in a standard running fashion with normal double-
nded 5-0 BYOSYN sutures.
ata Collection and Measurements
onversions and intraoperative complications were recorded in all
roups. Time to anastomosis and number of stitches for anasto-
osis were documented in all cases. Anastomosis time was mea-
ured from the time suturing began until tying was finished. In
ddition, the number of times the stitch was broken during suturing
as registered. The postoperative course for 8 weeks was evalu-
ted, focusing on complications. At autopsy, the trachea, including
he anastomosis, was resected, and the tissue around the anasto-
osis was explored, specifically searching for signs of anastomotic
ailure. Before tracheal resection, bronchoscopy with a 5-mm
elescope was performed to endoscopically evaluate the anastomo-
is in all cases.
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ETThe effectiveness of anastomoses was evaluated according to
ostoperative complications and measurements of anastomotic
tricture in endoscopic and pathologic findings. Sections were cut
rom tissue blocks onto coated glass slides and stained with he-
atoxylin and eosin. The anastomotic stricture was quantitatively
nalyzed in pathologic specimens on a Windows personal com-
uter with Scion Image software (Scion Corp, Frederick, Md).
tricture was defined as the area inside the cartilaginous ring after
ubtracting the area of the patent lumen. The anastomotic stricture
ate was expressed as the percentage stricture of the anastomotic
ite relative to the normal site 1 cm proximal to the anastomosis.
tatistical Analysis
ll data were expressed as the mean  standard deviation. Com-
arative analysis was performed with a Mann–Whitney U test by
sing StatView software (SAS Institute, Cary, NC).
esults
ntraoperative results are shown in Table 1. No groups
isplayed any intraoperative conversions or complications,
nd all procedures in the Robot and VATS groups wereFigure 2. Schema of the 12-cm double-armed suture.
The Journal of Thoracicompleted endoscopically. In all cases 5-0 BIOSYN sutures
ere not torn during suturing of the anastomosis. Mean
nastomosis time was 14.1  2.6 minutes in the Robot
roup compared with 33.5  5.2 minutes in the VATS
roup and 11.4  2.3 minutes in the Open group. Anasto-
osis time in the Robot group was significantly shorter than
n the VATS group (P  .0039) and was not significantly
ifferent in the Open group (P  .1218). The number of
titches tended to be less in the VATS group than of those
n the other 2 groups (P  .0547).
Figure 1. Position of the da Vinci Sur-
gical System. A, Schema; B, schema
with training box; C, photograph.Figure 3. Schema of anastomosis.
and Cardiovascular Surgery ● Volume 134, Number 4 991
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ETPostoperative results are shown in Table 2. All rabbits
urvived for 8 weeks postoperatively without complica-
ions. At autopsy, no signs of leakage from the anastomosis
ere found in any groups. With regard to anastomotic
tricture, bronchoscopic and pathologic findings were com-
arable between the Robot and Open groups. In broncho-
copic findings anastomotic stricture was defined as cases in
hich a 5-mm telescope could not pass the anastomotic site.
nastomotic stricture was apparent both bronchoscopically
nd pathologically in 2 cases in the VATS group (Figures 5
nd 6). Furthermore, the anastomotic stricture rate was
ignificantly higher in the VATS group than in the Robot
roup (P  .0065).
iscussion
obotic systems for endoscopic surgery were introduced in
he late 1990s to enhance maneuverability, visualization,
nd ergonomics for minimally invasive thoracoscopic and
aparoscopic surgery.10-20 Endoscopic beating-heart surgery
able 1. Intraoperative data
Robot group VATS g
onversions 0 0
omplications (intraoperative) 0 0
ime (min) 14.12.6 33.5
titches 12.01.3 10.5
uture tears 0 0Statistically significant. VATS, Video-assisted thoracic surgery.
92 The Journal of Thoracic and Cardiovascular Surgery ● Octoas the initial field of interest because the technical chal-
enge of this procedure surpassed the reach of traditional
ndoscopic techniques.10,12,13,15,16,18 Interest in this area has
ecently expanded to general thoracic surgery, such as
ATS anatomic pulmonary resections and VATS medias-
inal tumor resections.21-24 However, in the field of general
horacic surgery, whether this robotic technology offers any
enefits remains unclear. Statistical proof of the merits of
his approach will be hard to obtain from routine thoraco-
copic interventions. At this point, the subjectively apparent
dvantages of robotic surgical systems will therefore have
o be proved by facilitating or supporting advanced thora-
oscopic interventions, such as procedures requiring sutur-
ng and knot tying. Robot-assisted laparoscopic suturing has
ecently been introduced in various procedures, including
ntestinal anastomosis, and feasibility has been demon-
trated from promising initial experiences.16,19 However, no
eports have described robot-assisted endoscopic manual
irway reconstruction in live animals and human subjects.
Figure 4. Robot-assisted airway recon-
struction.
P value
Open group
Robot group vs
VATS group
Robot group vs
Open group
0
0
11.42.3 .0039* .1218
12.01.3 .0547 .9999
0roup
5.2
0.8ber 2007
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ETSome studies have examined the maneuvers and con-
rmed safety for endoscopic intestinal anastomoses and
ascular anastomoses, but few have investigated maneuvers
nd safety in endoscopic bronchial and tracheal anastomo-
es. Actually, relatively few cases require airway recon-
truction, such as bronchial and tracheal anastomoses. Com-
on procedures requiring airway reconstruction are sleeve
obectomy and segmentectomy for lung cancer and partial
esection of the bronchus and trachea for benign and low-
rade malignant tumors of the bronchus and trachea. In any
ase, these procedures aim for preservation of respiratory
unction, and therefore a minimally invasive operation is
ell indicated in such procedures. However, endoscopic
irway reconstruction is not generally performed. Some
easons are thus considered.
First, there are not any good stapling devices, and tech-
iques for bronchial and tracheal anastomosis differ from
hose for intestinal anastomosis.
able 2. Postoperative data
Robot group VATS g
omplications (postoperative) 0 0
tricture (bronchoscopy) 0 2
tricture rate (%) 8.31.6 12.9
Statistically significant. VATS, Video-assisted thoracic surgery.The Journal of ThoracicSecond, anatomic features of the bronchus and trachea
iffer substantially from the intestine and blood vessels,
amely with the presence of cartilaginous parts. Grasping
nd turning over tissue of the anastomotic site is thus
ifficult, representing a serious matter when performing
ccurate anastomosis in conventional endoscopic surgery,
here the visual field and manipulation are restricted.
Third, failure of bronchial and tracheal anastomoses re-
ults in fatal damage, and recovery from such an event is
ery difficult. On the other hand, airway reconstructions in
he thoracic cavity are difficult, even in open surgical inter-
ention, because of the poor visual field and ribs. Endo-
copic surgery might offer a potential solution to these
ssues. To solve the problems of conventional endoscopic
nd open operations, we chose to use the da Vinci Surgical
ystem, which is good for working in deep, small surgical
paces. This study established a procedure for robot-assisted
irway reconstruction and evaluated feasibility and safety.
Figure 5. Bronchoscopic findings. A,
Robot group; B, Open group; C and D,
VATS group (2 cases with obvious
anastomotic stricture). VATS, Video-
assisted thoracic surgery.
P value
Open group
Robot group vs
VATS group
Robot group vs
Open group
0
0
8.41.6 .0065* .9362roup
2.8and Cardiovascular Surgery ● Volume 134, Number 4 993
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9
ETabbit trachea was used as the model of human bronchial
nd-to-end anastomosis, and 5-0 BIOSYN sutures were
sed in single-layer running fashion as the anastomotic
rocedure. Kutlu and Goldstraw25 reported that bronchial
nd tracheal anastomoses in running fashion are quick and
echnically easier to perform than in interrupted fashion and
re sufficiently safe. The aim of this study was to evaluate
he usefulness of robot-assisted procedures in comparison
ith traditional thoracoscopic and open procedures.
Our intraoperative data showed that anastomosis time in
he Robot group was significantly shorter than in the VATS
roup and was almost equal to that in the Open group. In the
obot and Open groups ideal procedures were performed
ith 12-stitch anastomoses in this model. However, in the
ATS group we supposed that anastomoses were not per-
ormed sufficiently because a lack and irregularity of
titches led to anastomotic leakage and stricture. Although
he lack of tactile response in robotic surgery is well known,
o obvious tears in sutures and tissues at the anastomotic
ite were encountered in this study. The results showing that
he robot-assisted procedure was comparable with the open
rocedure and better than the traditional thoracoscopic pro-
edure are attributable to several factors. First, the end-to-
nd anastomotic procedure in this small tracheal model,
ven with a running method, was very difficult and required
ccuracy. In the Robot group, high-resolution 3-dimen-
ional imaging offered an excellent surgical field and al-
owed efficient and accurate handling of the needle and
uture, even in areas that were difficult for the traditional
horacoscopic surgical instruments using Endowrist instru-
ents. Furthermore, handling with the nondominant arm o
94 The Journal of Thoracic and Cardiovascular Surgery ● Octoas almost equal to that with the dominant arm in the Robot
roup, and this ability was very helpful in complex maneu-
ers. Our results also showed that a lack of tactility might be
vercome thanks to superior visualization, suitable instru-
ents, and techniques to avoid directly grasping fragile
issues and sutures.
During the postoperative observation, no complica-
ions were seen in any group. However, anastomosis
uality differed between each group. Anastomotic stric-
ure is often used in experiments evaluating anastomotic
ealing and the technical correctness of the anastomosis.
n both bronchoscopic and pathologic findings of the
nastomotic site, the Robot group was superior to the
ATS group and was comparable with the Open group.
urthermore, the anastomotic stricture rate was lower in
he Robot group than in the VATS group. These results
howed that the quality of anastomoses in the Robot
roup was equal to that in the Open group and was
uperior to that in the VATS group. The absence of signs
f anastomotic leakage at autopsy supported the feasibil-
ty of performing safe tracheal anastomosis in rabbits.
he technical quality of endoscopic anastomosis was
urther demonstrated by comparisons between the Robot,
ATS, and Open groups. In the Robot group the finding
f adequate passage through the anastomosis without
trictures in any cases and a constant distance between
titches further supported feasibility and efficacy.
Intraoperative and postoperative data showed that robot-
ssisted endoscopic airway reconstruction offered high-
uality results within a reasonable anastomosis time. The
Figure 6. Pathologic findings. (Hema-
toxylin and eosin stain, original mag-
nification 40.) A, Robot group; B,
Open group; C and D, VATS group (2
cases with obvious anastomotic stric-
ture). VATS, Video-assisted thoracic
surgery.pen procedure was performed in a very easy situation in
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Waseda et al Evolving Technology
EThis study, but the actual surgical field might be deep, small,
nd with poor vision. In the actual operation, robot-assisted
ndoscopic airway reconstruction, such as bronchial anas-
omosis, might be superior to the open procedure. Although
here are not so many cases that robot-assisted endoscopic
irway reconstruction is needed, we believe this procedure
ill be indicated clinically. In our institution, Ishikawa and
olleagues26 reported thoracoscopic robot-assisted broncho-
lasty in cadavers, and proper positions of the robotic sys-
em and trocars were described. We have recently aimed to
erform robot-assisted thoracoscopic bronchoplasty clini-
ally on the basis of this study.
In conclusion, this study demonstrated the feasibility of
and-sewn endoscopic bronchial anastomosis with a robotic
ystem. Under circumstances in which endoscopic surgery
ecomes very challenging with traditional 4-degrees-of-
reedom instruments, this new equipment is expected to be
f significant support. Continuing research will therefore
ocus on confirming advantages in technically challenging
rocedures.
We thank Y. Tanaka, M. Naya, and S. Soga for providing
echnical support.
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